Since the discovery of conducting polymers there 22 have been many studies dealing with the synthesis, char-23 acterization and properties of these polymers [1] [2] [3] [4] [5] . 24 Polyaniline (PANI) and derivatives have been studied 25 extensively, the electrochemical behavior being one of 26 the more studied properties [6, 7] , 27 On other hand, the polymerization of derivatives of 28 aniline such as aminophenols is interesting since, unlike 29 aniline [8] and other substituted anilines [9] , they have 30 two groups which could be oxidized. o-Aminophenol 31 (OAP) is the only isomer that produces an electroactive 32 polymer during its oxidation [10] [11] [12] [13] [14] , At the present 33 time, it is agreed that poly(o-aminophenol) (POAP) is 34 a ladder polymer formed by phenoxazine-type units. 35 The voltammetric response of POAP is characteristic of a reversible redox process with the presence of a 36 broad peak during the positive scan and a narrower 37 peak in the reverse scan. Generally, agreement exists in 38 that the broad anodic peak corresponds to only one re-39 dox process. 40 Nevertheless, in similar redox polymers the broad 41 peak has been assigned to two redox processes [15] , In 42 addition, using in situ UV-Vis spectroscopy, the absorp-43 tion of an intermediate species at 750 nm has been de-44 tected on POAP oxidation-reduction processes [ In this paper we report a study of the redox mecha-64 nism of POAP using in situ techniques. Ionic exchange 65 of the polymer was studied by PBD and the polymer 66 was studied using in situ FTIR, UV Vis and Raman 67 spectroscopy. 
70
The HCIO4 solutions were prepared from Merck 71 Suprapur concentrated acid. o-Aminophenol was from 72 Merck for synthesis and the water employed for the 73 preparation of the solutions was obtained from an Elga 74 Labwater Purelab Ultra system. D 2 0 was from Aldrich 75 chemicals, 99.9% atom %D. A saturated calomel elec-76 trode (SCE) immersed in the same solution was used 77 as the reference electrode. 78
Polymer films were obtained from a 5 x 10 3 M 79 o-aminophenol solution in a supporting electrolyte of 80 1 M HCIO4 by cycling the potential between -0.3 and 81 0.7 V at a scan rate of 50 mV s _1 . In all cases, the elec-82 trode covered with polymer was removed from the solu-83 tion at -0.1 V (reduced state). Then the modified 84 electrode was washed with water and was transferred 85 to a new cell for characterization by cyclic voltammetry, 86 in situ spectroscopy and PBD. The film thickness was in 87 all cases between 20 and 30 nm, measured from the vol-88 tammetric charge [11] . 89 Several electrode materials were used (glassy carbon, 90 platinum and gold) and in all cases the same voltammet-91 ric behavior of the POAP polymer was obtained.
2.2. In situ FTIR spectroscopy

93
A Nicolet Magna 850 spectrometer equipped with a 94 liquid nitrogen-cooled MCT detector was employed 95 for the in situ FTIR measurements. The sample com-96 partment was purged throughout the experiment using 97 a 75-50 Balston clean air package. The electrode used 98 was a polycrystalline platinum disc 8 mm in diameter 99 obtained from Goodfellow Metals (purity 99.99%). 100 The disc was mounted on a glass tube and its surface 101 was polished using alumina powder of several sizes (1, 102 0.3 and 0.05 nm) before the thermal treatment [10], A 103 platinum electrode was used as the counter-electrode. 104 The thin-layer spectroelectrochemical cell was made of glass and was provided with a prismatic CaF2 window 105 beveled at 60°. Spectra were collected at 8 em~' resolu-106 tion and are presented as AR/R. 107
In situ Raman spectroscopy 108
Raman spectra were obtained with a LabRam spec-109 trometer (from Jobin-Ivon Horiba). The system has an 110 extremely high detecting sensibility and it uses a single 111 spectrograph equipped with a notch filter in order to fil-112 ter the Rayleigh scattering and holographic gratings 113 (1800 and 600 grooves mm -1 ). The slit and pinhole em-114 ployed were 200 and 700 nm, respectively. The excita-115 tion line was provided by a 17 mW He-Ne laser at 116 632.8 nm, and the laser power delivered at the sample 117 was held at 4 mW. The laser beam was focused through 118 a 50x long-working objective (0.5 NA). The diameter of 119 the laser beam spot on the sample surface was 2 (im. The 120 sample viewing system consisted of a color television 121 camera attached to the microscope. The spectrometer 122 resolution was better than 3 cm 1 and the detector 123 was a Peltier cooled charge-coupled device (CCD) 124 (1064x256 pixels). The time needed for the analysis 125 (averaging included) was 27 s. 126 The spectro-electrochemical cell used for the acquisi-127 tion of Raman spectra was made in Teflon with the 128 working electrode facing up as the LabRam spectrome-129 ter utilized a backscattering configuration to collect the 130 Raman scattering through a confocal microscope verti-131 cally. The cell was designed with a silica window to form 132 a closed system in order to prevent the etching of the 133 lens and to eliminate any possible pollution of solution 134 from the air. At the same time, the cell was capable of 135 purging gas during the experiments or serving as a flow 136 cell. 137 For in situ Raman spectroscopy measures a Au 138 working electrode imbedded in a Teflon® rod was used. 139
Probe beam deflection 140
The electrochemical control of PBD experiments was 141 performed using a potentiostat (AMEL 2049). The PBD 142 arrangement was similar to the at described before [26] , 143 The basic components of the PBD system were a 5 mW 144 He-Ne laser (Melles Griot, 05 LHP11) and a bicell posi-145 tion-sensitive detector (UDT PIN SPOT /2D). The laser 146 beam was focused by a 50 mm lens to a diameter of 147 roughly 60 |im in front of the planar electrode. The ac-148 tual beam/electrode distance and diffusion coefficient 149 were estimated by measuring chronodeflectometric 150 pulses at different relative distances (x) and using the 151 relationship between the time of maximum signal and 152 distance (/max = x 2 /6D) with the same electrode/electro-153 lyte system [27] . An appropriate correction was made 154 for the beam refraction at the airjmedium interface using 155 the refractive index of the medium measured with a 156
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No. of Pages 7, DTD = 5.0.1 refractometer. The electrochemical cell was a 2 x 2 cm optical glass cuvette with 2 cm of path length, which was mounted on a 3 axis tilt table (Newport). The working electrodes were 3 mm thick glassy carbon plates (1x3 cm) with non active areas covered with a layer of epoxy and the active area polished with alumina powder (down to 1 |im). The exposed area was of 0.5 cm 2 . The counter electrode was a coiled Pt wire and the reference electrode was a conventional SCE connected with the cell by a plastic tube. The counter electrode and reference connecting tube were situated facing the working electrode outside the path of the beam. A micrometric translation stage allowed for controlled positioning of the sample with respect to the laser beam in 10 (im steps. The position sensitive detector was placed 25 cm behind the electrochemical cell and had a sensitivity of 3 mV/ |tm, which resulted in a deflection sensitivity of 1 mrad/V. The deflection signal was processed using a position monitor (UDT 201 DIV). The signal of the two photodiodes making the bicell detector were subtracted and normalized to the overall signal in order to minimize the effect of laser intensity fluctuations. All parts of the system were mounted on an optical rail, resting on a stable optical bench.
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When positive charges are created in a polymeric film (oxidation), this means that either anions are inserted or cations are expelled to maintain the electroneutrality. If the first occurs, a positive deflection due to a decrease of ion concentration in the solution near the electrode is observed. If cations are expelled, a negative deflection caused by an increase of ion concentration in the solution is produced. During reduction, the opposite is true.
The PBD signal is affected by a diffusional delay because the probe beam travels at a certain distance away from the electrode surface. Such a delay could complicate the interpretation of PBD data. One way to eliminate the delay has been proposed by Vieil and Lopez [28] and involves the temporal convolution of the current response with a mass transfer function. The expression of the PBD signal is were processed using a convolution script in Matlab 211 5.1 (Math Works). (Fig. 1, dashed line) , i.e., a broad 217 anodic peak at 0.11 V with its corresponding cathodic 218 counterpart at 0.09 V. The same voltammetric profile 219 is obtained with different electrode materials (Pt, Au, 220 etc.) [11, 29, 30] , The redox response of poly(o-aminophe-221 nol) is usually due to the oxidation-reduction of phe-222 noxazine units in the polymer [29, 31] . There is little 223 spectroscopic support for the structure of the POAP. 224 Moreover, the agreement of redox potential and spect-225 roscopic data between 2-aminophenoxazin-3-one 226 (3APZ) and the polymer suggests that the main chain 227 contains phenoxazine unit [10, 32] , 228 Fig. 1 shows the voltammograms for different per-229 chloric acid concentrations, in which it is possible to ob-230 serve that both the oxidation and reduction peak 231 separate in to two peaks as the acid concentration in-232 creases. At 5 M HCIO4 two processes are clearly ob-233 served, i.e., a peak at 0.18 V and a shoulder at 0.37 V 234 during the positive scan. These two processes appear 235 as two very small peaks during the negative scan. As 236 can be seen, the peak corresponding to the first redox 237 process also shifts with the HCIO4 concentration. This 238 behavior should be due to the fact that the variation 239 of the electrolyte concentration implies changes in both 240 proton and perchlorate concentration. However, both 241 peaks are affected in a different manner and therefore 242 it is possible to recognize the existence of two redox 243 processes. 244 The use of spectroscopic techniques coupled to electr-245 ochemical systems allows the identification of structural 246 changes in the polymer during redox processes. Fig. 2 247 shows the Raman spectra of POAP films on an Au elec-248 trode at different applied potentials. In Table 1 are listed 249 the bands obtained for a POAP in situ Raman spectrum 250 acquired at 0.1 V and the assignation of this band. 251 Bands at 1593, 1474, 1390 and 1160 cm" 1 are associated 252 with quinoid groups [33] [34] [35] , while the bands at 1520 253 and 576 cm -1 are associated with aromatic rings [34] , 254 The band at 1328 cm -1 has been attributed to radical 255 semiquinone stretching in the emeraldine salt 256 state in polyaniline [35, 36] . The band at 1638 cm -1 has 257 been assigned to -C=N-in quinonimine units [33, 34] , 258 The intensity of some of these bands depends on the 259 potential applied to the polymer film. The behavior of 260
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xxx-xxx Fig. 2 by Lor-268 entz curves allows one to quantify the evolution with 269 the potential of the species related to the 1474 and 270 1638 cm" 1 bands. Due to this, the evolution of the inte-271 grated Raman intensities have been obtained referring 272 the areas of these bands to the area of that correspond-273 ing to the symmetrical stretching of the perchlorate an-274 ion [34] , at 925 cm , which does not change 275 significantly with the potential (internal standard). De-276 spite the fact that the perchlorate anions can enter or 277 leave the polymer film during the redox processes, the 
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294 has a conductivity maximum at this E p [16] , the interme-295 diate species could be related to the polymer conductiv-296 ity and then, it could correspond to a charged species. 297
The existence of an intermediate species suggests that 298 the oxidation of POAP occurs through two consecutive 299 reactions from the totally reduced phenoxazine form to 300 the completely oxidized one, through a charged species, 301 which could be a cation radical. Tucceri et al.
[16] ob-302 served three electronic transitions at 340, 440 and 750 303 nm in the in situ UV-Vis spectra (Fig. 4) . Fig. 4 shows 304 the variation of the absorbances of the three peaks dur-305 ing the oxidation of POAP. Assuming that the Lam-306 bert Beer law is applicable in this case because the 307 thickness of the polymer is very small, the absorbances 308 of the peaks at 340, 440 and 750 nm are directly propor-309 tional to the concentrations of the related species. The 310 authors attributed the band at 340 nm to the phenoxa-311 zine structure, which correspond to the totally reduced 312 state of the polymer, which disappears with an increase 313 of the oxidation potential. On other hand, the band at 314 440 nm, attributed by the same authors to the oxidized 315 phenoxazine units, increases with the potential (Fig.  316 4) . However, they did not find explanation for the band 317 at 750 nm. This band was assigned in polyaniline to the 318 transition of the exciton of quinone and it is related to 319 the hopping electronic inter and intrachain [37, 38] . Fur-320 thermore, this band at 750 nm also depends on the oxi-321 dation state of the polymer [39], displaying a similar 322 behavior to the integrated Raman intensity of the band 323 at 1638 cm" 1 (Fig. 3) . The maximum of absorbance of 324 both bands (750 nm and 1638 cm" trode. After 180 cycles the modified electrode was 365 washed with abundant water and transferred to the 366 PBD cell. Fig. 6 shows both cyclic voltammograms 367 ( Fig. 6(a) ) and deflectograms ( Fig. 6(b) ) recorded simul-368 taneously for a POAP in 1 M HCIO4 solution. During 369 the oxidation scan, PBD signals show a positive deflec-370 tion until a potential of 0.01 V is reached, followed by 371 a negative stronger deflection. Positive deflection, in this 372 case, corresponds to a decrease of Perchlorate concen-373 tration in the solution near the electrode, indicating an-374 ion insertion in the film because positive charges are 375 created in the POAP. Negative deflection corresponds 376 to an increase of ion concentration in the solution near 377 the electrode, indicating cation expulsion (in this case 378 protons) from the POAP. On the other hand, during 379 the reduction scan only a positive deflection is observed, 380 which could corresponds to a simultaneous expulsion of 381 CIO4 and insertion of protons, the last process being 382 dominant. 383 To check this, a PBD profile was simulated by convo-384 lution of the current response using parameters reported 385 in the literature [42] and considering that only protons 386 are exchanged between the solution and POAP (dashed 387 line in Fig. 6(b) ). As can be seen, the simulated profile 388 fits reasonably well with the backward scan but differs 389 significantly in the forward scan suggesting that not only 390 protons but also Perchlorate anioris are exchanged dur-391 ing the positive scan. 392 The information obtained by PBD supports the exist-393 ence of an intermediate species suggested by Raman, 394 UV-Vis and FTIR in situ spectroscopies. Therefore, 395 Scheme 1 shows the proposed redox mechanism of 396 POAP according to these new data. According to this 397 mechanism, the first step involves mainly the anion ex-398 change, whereas in the second step the insertion/expul-399 sion of protons is produced. Therefore, it is clear that 400 the pH of the solution affects the two redox processes 401 in different ways.
402 -e + CIO/ Scheme 1. Reaction scheme for the POAP oxidation in acidic medium.
